Myotonic dystrophy 1 (DM1) is the most common inherited neuromuscular disease in adults. The disorder, characterized by myotonia, muscle wasting and weakness, cataract, insulin resistance, and mental impairment, is caused by the expansion of an unstable CTG repeat located in the 3 0 untranslated region of DMPK. The repeat expansion suppresses the expression of the homeobox gene SIX5. We describe here an experimental system to identify downstream transcriptional targets of mouse Six5 in order to elucidate the role of SIX5 in the pathogenesis of DM1 and development. By overexpressing a constitutively active Six5 (VP16-Six5wt) using adenovirus-mediated gene transfer in P19 cells and subsequent expression profiling using cDNA arrays, 21 genes, whose expression level increased by the treatment, were identified as potential target genes. Genes expressed in the somites, skeletal muscles, brain and meninges comprised the majority, suggesting the role of Six5 in the development and function of mesodermal tissues and brain. We provide evidence that Igfbp5 encoding a component of IGF signaling is a direct Six5-target. Moreover, the overall expression level of Igfbp5 was decreased in Six5-deficient mouse fibroblasts, and the response of human IGFBP5 to MyoD-induced muscle conversion was altered in cells of DM1 patients. Our results not only identify Six5 as an activator that directs Igfbp5 expression but also suggest that reduced SIX5 expression in DM1 might contribute to specific aspects of the DM1 phenotype.
INTRODUCTION
Myotonic dystrophy 1 (DM1, MIM160900) is the most common inherited neuromuscular disease in adults, characterized by myotonia, muscle wasting and weakness, cataract, insulin resistance, cardiac conduction defect, testicular atrophy, and mental impairment (1) . DM1 is caused by the expansion of an unstable CTG repeat located in the 3 0 untranslated region (UTR) of DMPK on 19q13.3 (2) (3) (4) . The consequence of the repeat expansion includes abnormal splicing and transport of DMPK transcripts, which result in a decrease in DMPK protein levels (5) and sequestration or induction of RNA-binding proteins by transcribed, expanded CUG repeats (6) . In addition, the repeat lies immediately 5 0 to the regulatory region of the homeobox gene SIX5 (7) (8) (9) , and repeat expansion causes the loss of a DNase I-hypersensitive site in the region and suppression of SIX5 expression (8, 10, 11) .
SIX5 belongs to the Six class of homeobox genes (12) . The gene is expressed in most of the tissues affected by DM1, such as skeletal and smooth muscles, central and peripheral nervous systems, and adult lens (7, 9, (13) (14) (15) (16) (17) (18) . As such, haploinsufficiency of SIX5 is thought to contribute to the development of some of the symptoms. Indeed, two independent lines of Six5-deficient mice have been produced and shown to develop cataract, suggesting that reduced SIX5 function underlies cataract phenotype in DM1 (15, 17) . While other phenotypes associated with DM1 are not apparent in those animal models, it is possible that SIX5 deficiency, in conjunction with other molecular defects resulting from the repeat expansion, is involved in the pathogenesis of DM1. For example, the fact that Six5 can activate transcription of the myogenin (Myog) gene encoding a myogenic basic helix-loop-helix (bHLH) protein through the MEF3 site, an essential promoter element required for the lineage-specific expression (19, 20) , may implicate SIX5 dysfunction in muscle phenotypes such as the fusion delay and fiber maturation defects seen in congenital DM1 cases (21, 22) . This notion is corroborated by the observation that mutations of D-Six4, the Drosophila counterpart of SIX5, cause a myoblast fusion defect and testicular/ovarian reduction (23) . However, the phenotype of transgenic mice expressing an expanded CTG repeat (24) and the molecular characterization of DM2, which shows almost identical phenotype with DM1 (25) , cast some doubt on the extent of involvement of SIX5 in the pathogenesis of DM1. This is partly due to insufficient characterization of SIX5, particularly of downstream transcriptional targets regulated by the SIX5 homeodomain protein. Identification of transcriptional targets for SIX5 is therefore essential to understand the involvement of SIX5 deficiency in DM1.
Known downstream target genes for SIX5 include the aforementioned Myog identified by inference and Atp1a1 encoding the a1 subunit of Na, K-ATPase, which was identified biochemically as a target gene for Six family proteins (13, 26, 27) . A recent whole-genome PCR-based screening identified the 5 0 flanking sequence of DRD5 encoding the dopamine 5D receptor and several genomic DNA fragments as potential target sequences (28) . The other way to screen SIX5-target genes is to overexpress SIX5 and detect genes whose expression levels change (increase or decrease) by overexpression. SIX5 is a transcription factor characterized by the presence of the Six domain (SD) and Six-type homeodomain (HD), both of which are required for specific DNA binding and interaction with Eya transcription coactivators (13, 19) . The SD is also known to interact with the Groucho family of corepressors (29) , suggesting that SIX5 can act both as an activator and as a repressor.
In the present study, we sought to identify SIX5-target genes. A constitutively active form of mouse Six5 (VP16-Six5wt) was overexpressed in P19 embryonal carcinoma cells by adenovirus-mediated gene transfer and a group of genes induced by the treatment was detected by hybridization to cDNA arrays. To minimize background resulting from adenovirus infection and/or overexpression of the full-length Six5 and VP16 activation domain, both of which interact with various nuclear and cytoplasmic proteins, a HD mutant protein (VP16-Six5W241R) was overexpressed in the control set. Among 21 potential target genes, Igfbp5 and Igf2, which are involved in insulin-like growth factor (IGF) signaling, were subjected to further analyses in order to validate our approach. A Six5-binding site in the Igfbp5 promoter was determined by reporter gene assays and in vitro binding experiments. Expression levels of Igfbp5 and Igf2 were reduced in Six5 À /À fibroblasts and expression of human IGFBP5 was altered in cells of DM1 patients. These results not only identify Six5 as one of the activators directly involved in Igfbp5 expression but also suggest that reduced SIX5 expression in DM1 might contribute to specific aspects of the DM1 phenotype.
RESULTS

Production of recombinant adenovirus expressing a constitutively active Six5
To construct a constitutively active form of Six5, a strong transcription activation domain of herpes simplex virus VP16 was fused to full-length wild-type Six5 (Fig. 1A) . As a control, a point mutation (W241R) was introduced in the HD. The site is conserved in the Six family as well as in many other HD proteins, and is thought to play a critical role in the structure and specific DNA binding of the proteins (30) . When plasmids expressing VP16-Six5wt and VP16-Six5W241R were transiently transfected into COS7 cells, recombinant proteins were detected by anti-Six5 and anti-VP16 antibodies (Fig. 1B) . The W241R mutation did not affect nuclear localization (data not shown). In gel retardation assays, nuclear extracts from COS7 cells expressing VP16-Six5wt contained proteins that bind to an oligonucleotide probe corresponding to the C3 element in the proximal promoter of rat Atp1a1 (27) (Fig. 1C, lane 3) . The formation of the protein-DNA complex was interfered with by adding an excess amount of cold C3 oligonucleotide (lane 4) but not by a mutagenized oligonucleotide (lane 5). The protein-DNA complex was bound to anti-Six5 (lane 6) and anti-VP16 (data not shown) antibodies, resulting in the formation of a supershifted complex. Thus, VP16-Six5wt specifically binds to the C3 element. In contrast, VP16-Six5W241R retains only a residual activity to bind to the probe (lane 2).
We then constructed recombinant adenoviruses encoding VP16-Six5wt and VP16-Six5W241R in order to overexpress these two proteins. As shown in Figure 1D , recombinant proteins were readily detectable even in whole-cell extracts prepared from cells infected with two recombinant adenoviruses, AxCAwt VP16-Six5wt and AxCAwt VP16-Six5W241R.
To assess the effectiveness of our experimental design in detecting genes regulated by Six5, we analyzed Myog expression in C2C12 mouse myoblasts. As shown in Figure  1E , Myog expression levels were higher in myoblasts infected with AxCAwt VP16-Six5wt than in those infected with AxCAwt VP16-Six5W241R both at 14 and 38 h. In addition, VP16-Six5wt overexpression specifically activated luciferase reporters driven by the Myog promoter (pGL3MG-185) and a synthetic promoter (pTKW4FLF) (19) (data not shown).
Identification of potential downstream target genes for Six5
In our initial attempt to identify potential Six5-target genes, we chose P19 embryonal carcinoma cells to overexpress VP16-Six5wt because they express endogenous Six5 (7). Another reason for selecting these cells is their multipotent property to differentiate into various cell types, including skeletal and cardiac muscles and neurons (31, 32) .
A medium-scale expression profiling was performed using poly(A) þ RNA samples prepared from P19 cells that were infected with AxCAwt VP16-Six5wt and AxCAwt VP16-Six5W241R and cultured for 24 h. Hybridization of a pair of mouse cDNA macroarrays with probes synthesized using the two RNA samples allowed us to identify 21 genes (1.8%) out of 1176 genes spotted on the array as potential Six5-target genes whose expression levels were more than 2-fold higher in AxCAwt VP16-Six5wt-infected P19 cells than in AxCAwt VP16-Six5W241R-infected cells (Table 1 ). The 21 potential target genes could be classified into the following categories according to the encoded proteins: transcription factors (Ebf2, Six2, Dermo1, Mesp2, Sim1, Six4, Mdfi, Foxd4 and Pura), signaling molecules and receptors (Igfbp5, Wnt4, Igf2, Sarp1, Fzd8 and Ptn), neurotransmitter receptor and transporter (Gabt3 and Htr3a) and those with other functions (Col9a2, Krt1-18, Pltp and St14). It is notable that four of nine transcription factors identified are bHLH proteins (Ebf2, Dermo1, Mesp2 and Sim1) and Mdfi is known to interact with bHLH proteins. Remarkably, 10 genes are expressed in mesodermal tissues, including developing somites and skeletal muscle (Six2, Dermo1, Mesp2, Sim1, Six4, Mdfi, Igfbp5, Igf2, Sarp1 and Fzd8) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) , and seven genes are expressed in neural tissues, including the neural tube, brain and meninges (Ebf2, Sim1, Foxd4, Wnt4, Fzd8, Gabt3 and Htr3a) (36, (43) (44) (45) (46) (47) . Among the 21 potential targets, the expression levels of Igfbp5, Igf2, Six2 and Mdfi were examined by northern blot analysis to confirm the array result ( Fig. 2 and data not shown). Igfbp5 expression was almost undetectable in uninfected control and AxCAwt VP16-Six5W241R-infected cells but markedly induced (>10-fold) in AxCAwt VP16-Six5wt-infected cells. In contrast, although it was clear that Igf2 expression was induced after AxCAwt VP16-Six5wt infection, the induction ratio was not very high (approximately 3-fold). The induction ratios for Six2 and Mdfi were 17.4-and 1.9-fold, respectively (data not shown).
Direct activation of the Igfbp5 promoter by Six5
We focused on Igfbp5 and Igf2 as two representative potential target genes regulated by Six5. Igfbp5 encodes IGF-binding protein 5 (IGFBP-5), which can either inhibit or potentiate IGF signaling by binding to IGF-I and IGF-II (48). Among the major sites of Igfbp5 expression during embryogenesis are somites and muscle precursor cells (39) . Igf2 encoding IGF-II is abundantly expressed in the early embryonic mesoderm and its derivatives such as the developing somites and heart (40, 49) , whereas its expression in the adult is mostly confined to the choroid plexus and leptomeninges (50) .
Regulation of Igfbp5 expression has been analyzed in some detail (51) (52) (53) (54) (55) . Such studies showed that the proximal promoter is essential for the basal transcription and is also required for response to various signaling molecules. To determine whether the Igfbp5 promoter is directly regulated by Six5, we tested the response of luciferase reporter constructs driven by 5 0 flanking fragments of Igfbp5 to VP16-Six5wt and VP16-Six5W241R, which is defective in DNA binding (Fig. 1C) . As shown in Figure 3A , VP16-Six5wt had a very strong inductive effect on Listed are genes with expression levels > 2-fold higher in AxCAwt VP16-Six5wt-infected P19 cells than in AxCAwt VP16-Six5W241R-infected cells in two independent experiments. The gene name, gene symbol and functional categories are shown. The positions of potential Six5-binding sites present in promoter regions, sequences flanking 5 0 ends of longest cDNA sequences, 5 0 untranslated region and introns of potential target genes (given with GenBank accession numbers) are also shown. The position numbering is relative to transcription start sites or 5 0 ends of cDNA sequences. Promoter sequences were surveyed first for the consensus sequence TCARRTTNC (1 in 16384 bp) and then for a less strict consensus TCARRNNNY (1 in 512 bp). (h) indicates that the mouse promoter sequence was unavailable and the orthologous human gene was used and surveyed for potential Six5-binding sites. (-) indicates that both mouse and human promoter sequences were unavailable. Asterisks indicate the potential Six5-binding sites found in the reverse orientation relative to the transcription start site. While Igf2 is transcribed from three different promoters (P1-P3) (59), potential Six5-binding sites were found in P1 and P3.
the longest construct, Igfbp5-2.9k Luc, exhibiting more than a 300-fold higher luciferase activity compared with the promoterless construct pGL3 in COS7 cells. Similarly, VP16-Six5wt activated luciferase expression from the following deletion constructs: Igfbp5-1.4k Luc, Igfbp5-160 Luc and Igfbp5-105 Luc. We noted, however, that larger deletions resulted in rather progressive decrease in Six5 responsiveness (expressed as the Six5wt : Six5W241R ratio): Igfbp5-2.9k Luc, 52.9; Igfbp5-1.4k Luc, 46.4; Igfbp5-160 Luc, 44.0; Igfbp5-105 Luc, 35.8. This suggests the possible involvement of multiple regulatory elements. Deletion of a region between positions 7 105 and À 69 virtually abolished Six5-responsiveness from luciferase reporters ( Fig. 3A ; compare Igfbp5-105 Luc and Igfbp5-69 Luc), suggesting that the 37 bp deletion either removed or disrupted a sequence(s) critical for Six5-induced activation. Results obtained using P19 cells also showed a similar effect of the 37 bp deletion (data not shown).
Characterization of a Six5-binding site in the Igfbp5 promoter
To explore the possibility that a Six5-binding site(s) lies within 105 bp of the 5 0 flanking region, we next performed gel retardation assays using a BseDI restriction fragment (positions À 105 to À 39, Fig. 3B , probe 1) and shorter oligonucleotide probes (Fig. 3B, probes 2-4) . GST-Six5 bound to probe 1 as well as probe 3, which corresponds to positions À 95 to À 58 (Fig. 3C ). Binding to probes 2 and 4 was not detectable. The results suggest that Six5 activates Igfbp5 expression directly through Six5-binding elements and that one of the elements is located in the region between positions À 95 and À 58.
We next sought to identify the Six5-binding sequence in the proximal promoter employing in vitro binding experiments (Fig. 4) . DNase I footprinting and methylation interference assays revealed that GST-Six5 could bind to the sequence GCTCAAATTGC located between À 72 and À 62 ( Fig. 4A and  B) . The Six5-binding sequence was perfectly conserved in the corresponding rat and human genes (Fig. 4C ). In addition, comparison with two previously characterized Six5-target sites, the C3 element in the Atp1a1 promoter and the MEF3 site in the Myog promoter (19, 20) , and the MEF3 consensus KSSTCAGGNNNY (56) allowed us to extract a consensus Six5-binding sequence, TCARRTTNC (Fig. 4C) .
Expression of Six5-target genes in Six5
7/À fibroblasts To confirm that Six5 is involved in the regulation of downstream target genes identified in our screening, we examined the expression levels of Igfbp5 and Igf2 in fibroblasts prepared from homozygous Six5-deficient embryos (15) . As shown in Fig. 5 , overall expression levels of Igfbp5 and Igf2 in Six5
fibroblasts were decreased compared with wild-type fibroblasts. Interestingly, the responses to various stimuli such as serumstarvation (Fig. 5, lanes 2 and 3) , IGF-II (Fig. 5, lane 4) and IGF-I (data not shown) were essentially similar between the two types of fibroblasts. Both IGF-I and IGF-II have been shown to increase Igfbp5 mRNA level (57, 58) . These data suggest a positive regulatory role of Six5 in the basal transcription of Igfbp5 and Igf2, rather than the activated transcription in response to IGFs in cultured embryonic fibroblasts.
Cooperative activation of Igfbp5 expression by Six5 and Eya3
Although we have shown that a constitutively active Six5 (VP16-Six5wt) can activate reporter gene expression driven by the Igfbp5 promoter and that Igfbp5 expression level is decreased in cultured Six5 7/À fibroblasts, the mechanism by which Six5 regulates Igfbp5 transcription is unclear. In this regard, cooperative activation by Six5 and Eya3 has been demonstrated in Myog transcription (19) . We examined whether Six5 acts cooperatively with Eya3 to activate transcription of Igfbp5. Transient transfection of the plasmid expressing FLAG-Six5 showed an activating effect on Igfbp5-160 Luc, one of the Six5-responsive reporter constructs (Fig. 3A ) in COS7 cells (Fig. 6, column 2) . Coexpression of HA-tagged Eya3 resulted in more than 4-fold induction relative to FLAG-Six5 alone (columns 2 and 4). Taken together, these results suggest that Six5 is one of the activators that bind to the proximal promoter of Igfbp5 and that the activation mechanism by Six5 may involve interaction with the Eya3 coactivator. We also found that Six1, a member of the Six family proteins expressed in tissues of mesodermal origin, including the developing somites (33) , is capable of activating the Igfbp5 promoter when expressed with Eya2 (Fig. 6, columns 5 and 7 ). This suggests that other Six family members in conjunction with coexpressed Eya proteins may also play a role in Igfbp5 expression in certain circumstances.
Expression of IGFBP5 in DM1 fibroblasts and skeletal muscles
In DM1 patients, a decrease in SIX5 expression caused by the CTG repeat expansion is likely to result in reduced expression of SIX5-target genes. If such is the case, genes identified in our screening, including IGFBP5, should exhibit low expression levels in cells of DM1 patients. However, considering that the repeat expansion also disturbs DMPK expression, RNA metabolism and intracellular signaling machinery, the effect on a given target gene may not be so simple. To examine whether IGFBP5 expression is affected by the repeat expansion, we isolated fibroblasts from three independent DM1 patients, each with an expansion of at least 1000 repeats, and examined IGFBP5 expression before and after MyoD-induced skeletal muscle conversion by northern blot analysis (Fig. 7) . In two different DM1 fibroblast, the expression levels of IGFBP5 increased following skeletal muscle conversion but the Effects of FLAG-tagged Six5 (FLAG-Six5, columns 2 and 4), Six1 (FLAGSix1, columns 5 and 7) in combination with HA-tagged Eya3 (HA-Eya3, columns 3 and 4) and Eya2 (HA-Eya2, columns 6 and 7) on the luciferase reporter Igfbp5-160 Luc were analyzed using COS7 cells. Luciferase activity values are normalized to b-galactosidase activity and expressed relative to the value obtained from control non-transfected cells (column 1). Data are mean AE SD fold activation from three independent experiments (each performed in duplicate). differentiation-dependent rises in IGFBP5 levels (HFC-DM, 1.41-fold; HFD-DM, 1.38-fold) were lower compared to that of wild-type fibroblasts (ST101, 2.15-fold). In another DM1 fibroblast, the expression level of IGFBP5 decreased during skeletal muscle conversion (HFB-DM, 0.38-fold). These results seem to indicate that the response of IGFBP5 to muscle conversion is altered in cells of DM1 patients.
DISCUSSION
We have described here an experimental system to identify downstream transcriptional targets of Six5, the mouse orthologue of SIX5 implicated in the pathogenesis of DM1. Using overexpression of a constitutively active Six5 (VP16-Six5wt) and expression profiling by hybridization of cDNA expression arrays, 21 genes whose expression level increased after VP16-Six5wt overexpression were identified as potential target genes. Genes expressed in the developing somites, skeletal muscle, developing brain and meninges comprise the majority, consistent with Six5 expression pattern. The array result on Igfbp5 was confirmed by northern blot analysis, reporter gene assays, in vitro binding experiments and expression analysis using Six5 7/À cells. Finally, we showed that the expression of IGFBP5 was altered in cells of DM1 patients.
Identification of downstream target genes and binding elements for Six5
Recently, a whole genome PCR-based screening was performed to identify SIX5-target genes (28) . The method, which utilized the DNA-binding domain of SIX5 fused to GST to survey genomic DNA fragments with potential Six5-binding sites in vitro, picked up several DNA fragments, leading to the identification of DRD5 as a potential target. In this study, we set up a different model system to screen potential target genes in a cellular context. We focused on genes induced by VP16-Six5wt overexpression because recombinant Six5 proteins fused to repression domains from Drosophila Engrailed and human AREB6 did not act as a repressor on various Six5-responsive reporters (data not shown). As to 21 potential Six5-target genes, we cannot exclude the possibility that VP16-Six5wt has the potential to regulate immediate early genes and thus overexpression of Six5 could lead to rapid changes in expression of genes that are not directly regulated by Six5. However, a consensus binding sequence for Six5, TCARRTTNC, predicted using a binding site in the Igfbp5 promoter, was found in five of 10 other potential target genes, including Igf2, whose 5 0 flanking and non-coding sequences are deposited in the data bank (Table 1) , and in two of the SIX5-binding genomic DNA fragments, AF242570 and AF242573, isolated in the aforementioned study (28) . When a less strict consensus, TCARRNNNY, was applied, the sequence was found in SIX5-binding DNA fragments at high-frequency except AF242572, suggesting that both methods could effectively detect Six5/SIX5 target genes.
In Table 2 , we list positions of potential Six5-binding sites found in known Six5 targets (Atp1a1 and Myog) and genes implicated in DM pathogenesis [Insr, Tnnt2, Clcn1 and Cnbp (the mouse orthologue of ZNF9)]. Among these, Myog and Insr encoding the insulin receptor were present in the cDNA expression array used in our study. Induction ratios of Insr and Myog by VP16-Six5wt overexpression in P19 cells were 1.1 and 0.88, respectively. Drd5 was not present on the array. It remains to be established whether any of the potential sites listed in Table 2 (except the C3 element in Atp1a1 and the MEF3 site in Myog) are involved in Six5-mediated transcriptional regulation.
Igfbp5 as a direct target gene for Six5
We focused on Igfbp5 and Igf2 as two representative potential target genes. Changes in the response of IGFBP5 to MyoDinduced muscle conversion in three independent DM1 fibroblasts may partly result from reduced SIX5 expression. As to Igf2, we did not test how Six5 activates the gene, since its expression is regulated not only by three different promoters (59) but also by multiple downstream enhancers that are shared with the closely linked H19 gene (60) , making it difficult to assess the effect of Six5 on transcription using ordinary reporter gene assays. However, given an increase in Igf2 expression level after 12 h of Six5 overexpression in P19 cells, (15, 37) . We have shown that the Igfbp5 promoter can be activated not only by Six5 but also by Six1. Intriguingly, activation of the skeletal muscle differentiation program by overexpression of PAX3-FKHR results in the induction of Six1, Igf2 and Igfbp5 (62). (ii) Other transcription activators binding to the sequences flanking Six5-binding sites may achieve sufficient expression levels of Igf2 and Igfbp5 required for embryogenesis to proceed normally. It is possible that the effect of Six5 loss on overall expression levels of Igf2 and Igfbp5 became apparent because of the culture conditions used. (iii) A defect in Six5 7/À muscle may only appear during regeneration or after changes in functional loading (overloading and unloading).
Implications for insulin resistance and cataractogenesis
Insulin resistance is a common metabolic abnormality in DM1 patients. The defect was shown to be associated with aberrant regulation of insulin receptor pre-mRNA splicing and proposed to be caused by an increase in CUG-BP (63) . While this seems to provide a plausible explanation, it is still possible that a decrease in SIX5 expression also contributes to insulin resistance. It has been reported that recombinant IGF-I can partially circumvent impaired insulin action in cultured DM1 myotubes (64) and improve metabolism and function in the muscle of DM1 patients in a clinical trial (65) . Binding of IGFs to both IGF-I and insulin receptors and activation of intracellular targets common to the two receptors are thought to be the molecular basis of the beneficial effects of IGFs (66) . As such, changes in the expression level of IGF signaling components such as IGF-II and IGFBP-5 would also modulate insulin action in DM1 patients.
Adult-onset cataract is the most characteristic eye phenotype in DM1. Six5 and SIX5 are expressed in most structures of the eye, including the lens epithelium (13) (14) (15) (16) (17) , and cataract formation is recapitulated in two independent lines of Six5-deficient mice (15, 17) . In such mice, homo-and heterozygous losses of Six5 were considered to result in dysregulation of its downstream target genes in the lens and to cause cataracts. While expression of Igf2 and Igfbp5 is detected in the ciliary body, cornea, retina and sclera but not in the lens (67, 68) , dysregulation of IGF signaling is implicated in cataract formation (69, 70) . Our study may implicate Six5-target genes encoding proteins such as IGF-II and IGFBP-5 that are secreted from ocular tissues surrounding the lens in cataractogenesis in DM1 patients and in Six5-deficient mice.
The role of Six5 in mesoderm development and brain function
Previous studies have demonstrated a broad expression of Six5 in various tissues. Of the 21 potential Six5-target genes identified, 10 are known to be expressed in the developing somites and skeletal muscles (Six2, Dermo1, Mesp2, Sim1, Six4, Mdfi, Igfbp5, Igf2, Sarp1 and Fzd8). Because it has been established that Six5 directly activates Myog expression through the MEF3 site (19, 20) , identification of additional genes expressed in muscle-forming mesodermal tissues further implicates a decrease in SIX5 expression in fusion delay and fiber maturation defects in congenital DM1 cases. Our observation that DM1 fibroblasts failed to upregulate IGFBP5 expression to a normal level in response to MyoD-induced muscle conversion can be significant in this regard.
In addition to DRD5 described previously (28), we have found the 5-hydroxytryptamine (serotonin) receptor 3A (Htr3a) and Gabt3 as potential Six5 targets. Thus, Six5 may play roles in normal brain function, and dysregulation of genes encoding these might partly account for the psychological problems in DM1 patients.
Another interesting finding of the present study is that the expression levels of Six2 ( > 17-fold) and Six4 ( > 3-fold) were elevated by VP16-Six5wt overexpression in P19 cells. Expression analyses of Six genes in Six5-and Six4-deficient mice have previously shown that the loss of Six5 causes a slight increase in the expression of Six1 and Six4 in the skeletal muscle (15) , while the loss of Six4 does not affect the expression of Six1, Six2 and Six5 when examined in whole embryos (37) . This seems to suggest that Six family genes participate in complex feedback loops employing different members in different cell types.
MATERIALS AND METHODS
Plasmid construction
Plasmids expressing FLAG-and HA-tagged proteins, pfSix5, pHM6 Eya2 and pHM6Eya3, were described previously (19) , as was pfSix1 (71) . To construct pCS2þ VP16-Six5wt, fulllength mouse Six5 cDNA, excised as an XbaI fragment from pfSix5, was cloned into the XbaI site of pCS2þ VP16-N (72). A point mutation, W241R, was introduced in the HD by cassette mutagenesis using the following primers: W241R-FP (mutagenized nucleotides are in lower case, 5
0 -AGGTCAGCAACcGGTTtAAaAACCGGCGACA-3 0 ) and its complementary oligonucleotides W241R-RP. The W241R mutation was chosen based on a mutational study of Pit-1 (30) .
The mouse Igfbp5 promoter was isolated using the LA PCR in vitro Cloning Kit (TaKaRa). Downstream primers complementary to a published Igfbp5 exon 1 sequence (GenBank accession no. U02023; its transcription start site is numbered þ 1) were as follows: Igfbp5-RP2 (positions þ 123 to þ 147, 5 0 -TCTTCGAAACCCGCAGGTTCTGCGT-3 0 ) and Igfbp5-RP3 (positions þ 97 to þ 121, flanked with a SalI restriction site, 5 0 -TAGTCGACAAGTCCGGAGAAGGGTGCAGACCGA-3 0 ). BglII-digested genomic DNA (BALB/c, Clontech Laboratories) was ligated to a linker supplied in the Takara kit and subjected to two rounds of PCR amplification with primers corresponding to the linker sequence and the primers Igfbp5-RP2 and Igfbp5-RP3. The amplified 3043 bp BglII-SalI fragment was cloned into the BamHI-SalI sites of the pBluescript SKþ (Stratagene) and partially sequenced. The Igfbp5 promoter fragment was excised by digesting at the flanking NotI (blunted) and XhoI sites, and ligated to the SmaIXhoI sites of pGL3-basic (Promega) to generate pGL3 Igfbp5-2.9k. 5 0 deletion constructs were generated by cloning shorter Igfbp5 promoter fragments digested with various restriction enzymes at the 5 0 ends and with XhoI at the 3 0 end into pGL3-basic. The following restriction sites were used in the present study: EcoRI (À 1.4 kb, blunted), XbaI (À 160, blunted), Eco130I (À 105, blunted), SacI (À 69) and HaeIII (À 35).
Cells and transfection assays
P19 mouse embryonal carcinoma cells were grown in aminimal essential medium (Gibco BRL) supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin and 100 mg/ml streptomycin (P/S) at 37 C under 5% CO 2 . COS7 cells and human embryonic kidney 293 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FCS and P/S at 37 C under 5% CO 2 . For C2C12 mouse myoblasts, DMEM containing 4.5 g/l glucose was used. Mouse embryonic fibroblasts were prepared from 14.5 dpc embryos. Wild-type embryos were obtained from pregnant C57BL/6J-Jcl female mice purchased from CLEA Japan, Inc. (Tokyo). Six5-deficient embryos were obtained by crossing Six5 7/À ; Six4 þ/À mice (15, 37) . Embryo genotyping was performed on DNA samples extracted from dissected head by PCR with the following primers: 5 0 -ACATCAAGCAGGAGAATGG-GATGG-3 0 (downstream, the sequence present in both wildtype and mutagenized Six4 alleles), 5
0 -CCGTAATGGGA-TAGGTTACGTTGG-3 0 (upstream, specific to mutagenized Six4 allele), and 5 0 -AGAAGTTCCGAGTGGAGTTGTACC-3 0 (upstream, specific to wild-type Six4 allele). Cells at passages 5-7 were used in this study. Prior to RNA extraction, confluent cultures were serum-starved for 24 h in serum-free DMEM. Then, the cells were stimulated by replacing the serum-free medium with a fresh serum-free DMEM containing either 100 ng/ml IGF-II or 10% FCS and cultured for 12 h. Human fibroblast cultures were obtained from unaffected and DM1-affected adults as described previously (8) . Normal (ST101) and DM1 fibroblasts (HFB-, HFC-and HFD-DM) were infected with pBABE MyoD-ER and pLXSN MyoD-ER, both of which expressed human MyoD fused to the ligand-binding domain of the estrogen receptor (ER) (73) . Virus-infected fibroblasts were split in two, cultured to confluence and processed for RNA extraction before or after treatment with low-serum IT medium (DMEM, 2% heat-inactivated horse serum, 10 mg/ml transferrin, 10 mg/ml insulin) supplemented with 10 7 7 M b-estradiol for 72 h to convert to skeletal muscle. Transfections were performed as described previously (19) . Transfected cells were harvested after 48 h and assayed for luciferase and b-galactosidase activities. b-Galactosidase activity of the cotransfected reporter pEFBOSb-gal was used as an internal control to correct for the variability in transfection efficiency.
Protein preparation and western blotting
Nuclear extracts were prepared from cultured cells as described previously (74) . For virus-infected cells, 1 Â Laemmli sample buffer was added to the culture dish, and the whole-cell lysate was used as a source of protein. Proteins were separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Hybond-ECL, Amersham Pharmacia Biotech). VP16-Six5wt and VP16-Six5W241R expressed from plasmid or adenoviral vectors were detected using anti-VP16 (sc-7545 and sc-7546, Santa Cruz) and anti-Six5 (18) antibodies. For chemiluminescence detection, we used the ECL western blotting analysis system (Amersham Pharmacia Biotech).
Gel retardation assay
The gel retardation assay was carried out as described previously (75) . Nuclear extracts prepared from transfected COS7 cells or GST-Six5, the SD and HD of Six5 fused to GST, purified from bacteria (13) 0 -TGCAGCTA-CAACTGGCTGGCAGCCAG-3 0 ). C3WT (which corresponds to the Six4-binding site in Atpa1a promoter) and C3MUT were described previously (26) . In some experiments, 20-fold molar excess of unlabeled oligonucleotides (C3WT and C3MUT) and anti-Six5 antiserum (0.2 ml) were added to the binding reaction.
Production and infection of recombinant adenovirus
We selected a replication-defective adenovirus vector AxCAwt (76) , in which expression of a foreign gene is driven by a strong CAG promoter composed of the cytomegalovirus enhancer and chicken b-actin promoter. Recombinant adenoviruses were produced using the Adenovirus Expression Vector Kit (TaKaRa). DNA fragments encoding VP16-Six5wt and VP16-Six5W241R were excised from pCS2þ VP16 constructs by digesting at the flanking BamHI and SnaBI sites, blunted and cloned into the SwaI site of the cosmid vector pAxCAwt. The recombinant cosmids were cotransfected with the EcoT22I-digested AxCAwt DNA-terminal protein complex supplied in the Takara kit into 293 cells. Recombinant viruses were isolated, propagated and checked for any contaminating E1-bearing parent virus, titer [plaque forming unit (PFU)] and transgene expression. Virus titration was carried out using 293 cells and the expression of recombinant proteins was assessed by western blotting. For virus-infection experiments, cells plated onto a 10 cm culture dish were overlaid with recombinant adenoviruses [at a multiplicity of infection (m. o. i.) of 100-200 PFU] in culture medium containing 5% FCS for 2-3 h. The virus-containing medium was replaced with normal culture medium, and cells were further incubated for 6-48 h.
RNA extraction and northern blot analysis
Total RNA was extracted from cultured cells with Isogen reagent (Nippon Gene). Poly(A) þ RNA was selected using Oligotex-dT30 'super' latex beads (TaKaRa). For northern blot analysis, total RNA was separated by electrophoresis through a 1.3% agarose/formaldehyde gel, blotted onto a nylon membrane (Hybond-Nþ, Amersham Pharmacia Biotech) and hybridized with 32 P-labeled cDNA probes. Igfbp5 and Igf2 cDNA fragments were isolated by PCR from a mouse skeletal muscle cDNA library (Clontech) using the following primers: I g f b p 5 -F P ( 5 0 -AG A AT T C A AT G G T G AT C AG C G -TGGTCCTC-3 0 ) and Igfbp5-RP (5 0 -AGATATCACTCAACGT-TACTGCTGTCG-3 0 ) for the 831 bp Igfbp5 cDNA fragment and Igf2-FP (5 0 -AGAATTCAATGGGGATCCCAGTGGG-GAAG-3 0 ) and Igf2-RP (5 0 -AGATATCACTGATGGTTGCTG-GACAT-3 0 ) for the 558 bp Igf2 cDNA fragment, respectively. A 317 bp human IGFBP5 cDNA fragment was obtained by digesting the plasmid pHBP5-501 (77) with SacII(344) and SacI(660). Myogenin and b-actin cDNA fragments were prepared as described previously (37) . Quantitation of the hybridization signals was carried out using the STORM system (Amersham Pharmacia Biotech) and ImageQuant software (Molecular Dynamics).
Expression profiling using a cDNA macroarray Expression profiling was performed by hybridization of the Atlas Mouse 1.2 cDNA Expression Array containing 1176 known mouse cDNAs (Clontech) with 32 P-labeled cDNA probes. P19 cells infected with AxCAwt VP16-Six5wt and AxCAwt VP16-Six5W241R and cultured for 24 h were used as the source of poly(A) þ RNA to prepare hybridization probes. The RNA samples were treated with RNase-free DNase I (Roche Diagnostics) before poly(A) þ selection to remove any contaminating genomic DNA and subjected to PCR with the primers Six5-579F (5 0 -AGGATCCTGGCGAGGAGACCGTC-TA-3 0 ) and Six5-820R (5 0 -TCTCGAGTGGACTCATC-CTCCGTAGTG-3 0 ) to confirm that the samples produce no visible PCR products even after 35 cycles of amplification. Probe synthesis, hybridization and washing of the Atlas array were carried out as instructed by the manufacturer.
After a high-stringency wash instructed by the manufacturer, the hybridization pattern was quantified and analyzed using the STORM system and ArrayVision software (Imaging Research Inc.). The hybridization experiment was repeated using a set of RNAs prepared from P19 cells of a different passage number that were infected with the two recombinant adenoviruses. Genes whose expression levels were more than 2-fold higher in AxCAwt VP16-Six5wt-infected samples in both data sets were identified as differentially expressed genes.
DNase I footprinting and methylation interference assays
DNaseI footprinting and methylation interference assays were carried out as described previously (75) . Purified GST-Six5, which comprises a region encompassing only the SD and HD (13) , was used in the assays. The probe was prepared as follows. A BseDI(À 106)-BseDI(À 42) fragment of the Igfbp5 promoter was blunted and cloned into the SmaI site of pBluescript SKþ . The insert was excised by digesting at the flanking SacII and HindIII sites. 
